INTRODUCTION
Metals are widely used as clasp materials for removable partial dentures. However, they present esthetic problems for anterior abutment teeth and can cause metal allergy.
As a potential solution to these problems, we investigated the mechanical properties (flexural strength, retentive force, permanent deformation) of glass fiber-reinforced composite (FRC) for future application as clasp arms [1] [2] [3] . On the basis of results of these studies, we also performed clinical trials 4) . In clinical practice, FRC clasps are coated with composite resin to prevent exposure of fibers and injury to the oral mucosa. However, in follow-up examinations we have sometimes encountered cracks in the coating layer at the shoulder of circumferential clasps. FRC is a composite material of fiber and matrix and differs from metal, which is generally treated as an isotropic material. Structural analysis of anisotropic composite materials like FRC is very complicated, and structural analytical methods such as finite element analysis (FEA) are optimal 5) . To date, studies of anisotropic materials using FEA have been limited to crowns, bridges and endodontic posts [6] [7] [8] [9] [10] [11] [12] [13] . There were no prior reports of anisotropic analysis based on the assumption that clasp arm shape is geometrical. Therefore, we established a linear elastic FEA procedure that took into account the anisotropy of the FRC material 14) . However, a nonlinear FEA procedure, which took into account geometric nonlinearity and nonlinear boundary conditions, appears indispensable for a more quantitative evaluation of the retentive forces and the effect of stresses.
We therefore aimed to use nonlinear FEA to investigate an optimum FRC clasp design that had sufficient retentive force and resisted cracks or breakage in the coating layer. As a first step toward accomplishing these aims, the present study was designed to establish a nonlinear FEA procedure that could quantitatively evaluate the retentive force and the compressive and tensile stress distribution of a circumferential uncoated FRC clasp. The objective was to predict the retentive forces and evaluate the failure risk of such clasps.
MATERIALS AND METHODS

Geometry of abutment teeth and clasp arms
The abutment tooth was assumed to have a barrel shape simulating a lower second premolar, and was encircled by the circumferential clasp arm (Fig. 1 ). An abutment tooth was assembled from a veneer crown made of hard resin and a strut made of stainless steel. The basic FRC clasp arm (Bb) was 2.60 mm wide, 1.30 mm thick and not tapered. The radius of vertical curvature 15) of the clasp arm was 6.5 mm, and angle subtended by the clasp arm was 165°. The amount of horizontal undercut at the lower tip of the clasp arm was 0.25 mm. This resulted in a vertical distance of 1.73 mm between the initial position of the clasp arm's lower tip and the widest contour of the abutment tooth. These geometries were the same as those used in our previous study on measurement of uncoated FRC clasp retentive force with a universal testing machine 16) . Modified clasp arms were generated by changing the width or thickness of the basic arm as follows: 2.60 mm and 0.65 mm (a), 2.60 mm and 1.95 mm (c), 1.30 mm and 1.30 mm (A), and 3.90 mm and 1.30 mm Optimum design for glass fiber-reinforced composite clasps using nonlinear finite element analysis (C) (Fig. 2) . For all modified clasp arms and the basic clasp arm, a coating layer was omitted. The basic clasp arm was modeled so that the analytical values obtained by nonlinear FEA could be compared with our other experimental measurements 16) .
Mesh generation and boundary conditions
Mesh generation for the abutment tooth and the clasp arms used tetrahedral elements with four nodes and hexahedral elements with eight nodes, respectively (Figs. 3 and 4). Table 1 shows the numbers of elements and nodes for the abutment tooth, the basic clasp arm (Bb) and the modified clasp arms (a, c, A and C). Due to buccolingual symmetry, only one half of the abutment tooth and the clasp arms were modeled. All nodes in the lower third of the apical side of the abutment tooth were restrained, and forced displacements of 5 mm in the removal direction were applied to the nodes at the base of the clasp arm (Fig. 3 ). All nodes on the symmetry plane were restricted to displacement in the Y direction, which is normal to the cut face. A stick-slip friction model was used to model the differences in static versus dynamic friction coefficients. Dynamic and static friction coefficients between the abutment tooth and the clasp arm were set at 0.31 and 0.33, respectively. To improve the influence of the tetra and hexahedron approximation, which may reduce the accuracy of the contact detection, Coons surfaces were used to fit the element faces to actual geometries.
Material properties
FRC was treated as an elastic orthotropic material according to the local cylindrical coordinate systems 14) for defining the material's principal axis. In this coordinate system, three significant directions (axis1, axis2 and axis3 direction) were defined to input elastic constants of the orthotropic material. The axis1, axis2 and axis3 represented the radial, peripheral and depth directions of a cylinder, respectively. In the present analysis, the axis3 direction coincided with the running direction of the clasp arm. The material's principal axis (i.e. the running direction of the fibers) was defined by inputting the modulus of elasticity of the longitudinal direction of fibers as the elastic constant in the axis3 direction. The axis1 and 2 were mutually perpendicular in the transverse plane and perpendicular to the axis3 (the running direction of fibers). Nine elastic constants (Table 2) were used as in our previous study 14) . These were set by assuming the use of Vectris Pontic (Ivoclar Vivadent, Amherst, NY, USA), which we used for material testing and clinical trials [1] [2] [3] [4] . Elastic modulus 33 (E33) parallel to the orientation of the fibers (i.e. the material's principal axis) was obtained from our previous measurements 3) . The remaining constants were either from published literature 6) or estimated using theoretical formulas 7) . Hard resin and stainless steel were treated as elastic isotropic materials. The Young's modulus and Poissons' ratio, were set at 21 GPa and 0.27 17) , respectively, for hard resin and 200 GPa and 0.30 18) , respectively, for stainless steel.
Calculation of the retentive force and the stress distribution of FRC clasps
Geometric nonlinearity and nonlinear boundary conditions were considered as sources of nonlinearity in this FEA. Therefore, an incremental and iterative solution procedure (Full Newton-Raphson method), adapted to solve a nonlinear problem, was used.
For each increment the following data were output: the reaction force of each node at the base of the clasp arm applied forced displacement, and the displacement in the removal direction of the node corresponding to the lower tip of the clasp arm. The total retentive force in each increment was calculated as the sum of the nodal reaction forces. The displacement in the removal direction of the clasp arm's lower tip was plotted against the total retentive force. Because only half a model was constructed in consideration of symmetry, the calculated retentive force was doubled. The retentive force of the basic FRC clasp arm (Bb) was compared with our experimental measurements 16) . After this verified the accuracy of the nonlinear FEA results, the retentive forces of the modified clasp arms (a, c, A and C) were also calculated.
Contour maps of compressive stress on the outer surface were used to compare the stress distributions of FRC clasp arms with different cross-sectional shapes. The maximum compressive stresses (minimum principal stresses) along the clasp arm when the lower tip reached the widest contour of the abutment tooth were calculated.
The maximum compressive stresses at the location of stress concentration were also calculated. Similarly, contour maps of tensile stress on the inner surface were created, and the maximum tensile stresses (maximum principal stresses) at the inner location of stress concentration were calculated. The values of the maximum tensile stresses were compared with the experimental flexural strength obtained from three-point flexural tests and fracture strength obtained from cantilever beam tests using straight specimens made of FRC.
A pre-postprocessor (Patran, version 2005, MSC Software Corp., Santa Ana, CA, USA) was used to construct analytical models and visualize the analytical results. A structural analytical program (Marc, version 2003 r2, MSC Software Corp.) was used for analysis. Figure 5 shows the relationship between displacement of the lower tip of the clasp arms in the removal direction and the total retentive force. The maximum total retentive force of the basic clasp arm (Bb) was 6.36 N for a displacement of 1.37 mm. The maximum total retentive forces for the modified clasp arms were 
RESULTS
Retentive forces of FRC clasps
Stress distributions of FRC clasps
Contour maps of the clasp arm compressive stresses Table 2 Orthotropic material properties for glass fiberreinforced composite when the lower tip reached the widest contour of the abutment tooth (Fig. 6) showed that stress was concentrated at the shoulder. The maximum compressive stresses from this stress concentration were 91.7 MPa (Bb), 65.3 MPa (a), 102 MPa (c), 89.2 MPa (A) and 101 MPa (C). Contour maps of the clasp arm tensile stresses when the lower tip reached the widest contour of the abutment tooth (Fig. 7) showed that stress was concentrated at the lower half of the region near the clasp base. The maximum tensile stresses from this stress concentration were 116 MPa (Bb), 58.9 MPa (a), 151 MPa (c), 122 MPa (A) and 107 MPa (C).
DISCUSSION
In clinical practice, FRC clasps are coated with composite resin to prevent exposure of fibers, which could injure the oral mucosa. The coating layer was omitted in this study to allow comparison of the nonlinear FEA results with our previous experimental measurements 14, 16) .
Modeling and nonlinear FEA procedure
The geometries of the abutment tooth and the basic FRC clasp arm (Bb) were the same as those used in our previous study 16) . Element types used in this analysis were a hexahedral element with eight nodes for the FRC clasp arm and a tetrahedral element with four nodes for the abutment tooth. To define the orthotropy of the FRC material, local coordinate systems are necessary for defining the orientation of the fibers (the material's principal axis) 14) . Hexahedral elements can define the local coordinate systems more easily than other element types, and we used these in this study and in our previous study 14) . Because the abutment tooth is isotropic and does not require definition of the local coordinate systems, tetrahedral elements that are easy to automesh were used.
Either a distributed force 19) or a concentrated point load 20, 21) is generally applied as the load to the clasp tip. However, these cannot be directly applied to the clasp tip in analysis of its contact relationship with the abutment tooth. Consequently, we applied a pull-out load to the shoulder of the clasp arm, but convergent solutions could not be obtained. Therefore, instead of direct forces or loads, we applied forced displacements in the removal direction to the nodes at the shoulder of the clasp arm. In the process which the shoulder of the clasp arm gradually moved in the removal direction, the clasp tip to the abutment tooth contact had been yield consistently at the interface, and so the displacement direction of the clasp tip changes along the curved surface on the abutment tooth. This boundary condition is more representative of actual clasps and their movement during insertion and removal than direct loading to the clasp tip. Dynamic and static friction coefficients between FRC and hard resin are unknown. Therefore, in the present study, these friction coefficients between the abutment tooth and the clasp arm were determined in preliminary analysis by trial and error 22) . This aimed to bring the retentive force of basic FRC clasp arm (Bb) in agreement with our experimental measurements 16) . Although FRC is a strictly anisotropic material, it was treated as a transversely isotropic material that forms a subset of orthotropic materials. In general, to describe the elastic behavior of transversely isotropic materials, five independent elastic constants are required 6, 7) . In this study, elastic modulus 33 (E33) was substituted with the elastic modulus obtained in a three point flexural test in our previous study 3) . Values for transverse modulus E11(= E22), shear modulus G31(= G23), Poisson's ratios ν31(=ν32) and ν12 (where '3' stands for longitudinal direction (parallel to fiber direction), and '1' and '2' refer to two mutually perpendicular directions in the transverse plane) were obtained from published literature 6) . Minor Poisson's ratio ν23 (=ν13) and shear modulus G12 were calculated by theoretical formulas 7) . While the substitution of all the elastic constants with reliable experimental values may be ideal, it is difficult to measure each elastic constant of an orthotropic material experimentally. However, the use of theoretical formulas to predict these constants is highly recommended 5, [23] [24] [25] [26] . Therefore, in this study, the use of theoretical values for some of the constants was appropriate. Geometric nonlinearity and nonlinear boundary conditions were considered in this FEA as sources of nonlinearity. In general, the solutions of nonlinear problems always require incremental solutions, and sometimes require iterations within each load/time increment to ensure that equilibrium is satisfied at the end of each step. Therefore, an incremental and iterative solution procedure was used in this study.
Analytical results
1) Retentive forces of FRC clasps
The maximum value (6.36 N) of the retentive force of the basic FRC clasp arm (Bb) agreed with the experiment value (6.34 N) 16) . It was also very close to previously published values for the retentive forces required per abutment tooth [27] [28] [29] . This agreement illustrates that nonlinear FEA procedure was suitable for predicting the retentive forces of the FRC clasps. It was not efficient to measure the retentive forces of four modified FRC clasp arms (a, c, A and C), so these were predicted with the nonlinear FEA procedure. Clasp arm c had the largest maximum retentive force (16.30 N) , followed by C (8.90 N), A (3.36 N), and a (1.00 N). Displacements of the lower tips of the clasp arms at the maximum retentive forces were 1.37 mm (Bb), 1.40 mm (a), 1.26 mm (c), 1.21 mm (A) and 1.37 mm (C). These values were all smaller than the vertical distance (1.73 mm) between the lower tip of the clasp arm at the initial position and the widest contour of the abutment tooth. This indicates that the maximum retentive forces occurred before the lower tip of the clasp arm reached the widest contour of the abutment tooth 30) . The retentive force required per abutment tooth is reportedly around 5 N [27] [28] [29] . Therefore, we can assume that the retentive force of Bb is sufficient, that of a is too small, and that of c is too large. 2) Stress distributions on the FRC clasps During clinical application 4) , cracks in the coating layer occur on the outer surface at the shoulder of the circumferential clasp arm. Therefore, it is important to evaluate the stresses that damage this region. During insertion and removal this area is compressed, which meant that minimum principal stresses could be used to represent the maximum compressive stresses. In all models, stress was concentrated at the shoulder of the FRC circumferential clasps. This was also observed with cast Co-Cr alloy clasps 15) . These results indicate that the possibility of breakage at the shoulder is high for both FRC circumferential and cast Co-Cr alloy clasps. This region of stress concentration agrees with the region of crack formation in the coating layer observed in clinical application 4) . Therefore, the modeling and nonlinear FEA procedure used in this study was adequate for prediction of retentive forces and evaluation of stress distributions.
The maximum and minimum principal stresses indicate tensile and compressive stresses, respectively. These are compared with the material's strength to predict its failure risk 17, 31) . In this study, maximum compressive and tensile stresses were calculated by nonlinear FEA. In order to evaluate the failure risk of FRC clasps, maximum tensile stresses were compared with the reported flexural strength of FRC obtained by three-point flexural tests 3) , and the reported fracture strength of FRC obtained by cantilever beam tests 32) . The maximum tensile stresses (58.9-151 MPa) in the present study were considerably smaller than the flexural strength (1.4×10 3 MPa) 3) and fracture strength (936.1 MPa) 32) . Accordingly, within the limitations of the clasp design in this FEA, we can assume that the risk of tensile failure in FRC circumferential clasp arms is low.
Future work
In this study, the coating layer that is usually required on FRC clasps in clinical practice was omitted. This allowed comparison of the analytical values obtained by nonlinear FEA with our experimental measurements 16) . However, it is highly probable that the crack occurrence in the coating layer is attributed to the difference of elastic modulus between FRC and the coating resin. Therefore, in future, a laminated structure model of FRC plus the coating layer is necessary for investigation of the mechanics of crack propagation, and such a study is currently in progress.
Several studies on cast clasp design have recommended half-oval and tapered clasp arms [33] [34] [35] [36] . The FRC clasp design in this study was half-oval and not tapered. For an analysis of a tapered FRC clasp design, the concepts of contiguity factor 24) and fiber volume content 25) should be introduced in order to characterize the unidirectional FRC.
In this study, the clasp arm was assumed to be a circumferential and categorized as an occlusally approaching clasp. However, gingivally approaching clasps such as the I-bar clasp are also applied and have less crack occurrence than circumferential clasps in clinical trials 4) . Accordingly, modeling and analysis of gingivally approaching clasps will allow evaluation of any differences in stress distribution patterns. Presently in clinical practice, most FRC clasps in use are combination clasps of a buccal retentive arm and a lingual metal reciprocal arm for the purpose of esthetics improvement. Therefore, modeling and analysis of the combination clasps will also necessary. Furthermore, for applicability in metal-allergy patients, it is necessary to examine other components (e.g. occlusal rest, major and minor connector).
CONCLUSIONS
Within the limitations of this study, an optimum FRC clasp was designed. This included a basic FRC clasp arm, which was circumferential with buccal and lingual retentive arms. The clasp was 2.60 mm wide, 1.30 mm thick, and had a horizontal undercut of 0.25 mm. It was not tapered and lacked a coating layer. This clasp had sufficient retentive force per abutment tooth and a low risk of tensile failure.
